Mineral soil-based inoculants of Rhizobiun ineliloti and Rhizobium phase;li survived better at 4°C than at higher temperatures, but ca. 15% of the cells were viable at 37°C after 27 days. Soil-based inoculants of R. meliloti, R. phaseoli, Rhizobium japonic'un, and a cowpea Rhizobium sp. applied to seeds of their host legumes also survived better at low temperatures, but the percent survival of such inoculants was higher than peat-based inoculants at 35°C. Survival of R. phaseoli, R. japonicuml, and cowpea rizobia was not markedly improved when the cells were suspended in sugar solutions befote drying them in soil. Nodulation was abundant on Phaseolus vulgaris derived froi., seeds that had been coated with a soil-based inoculant and stored for 165 days at 25°C. The increase in yieA and nitrogen content of Phaseolusangularis grown in the greenhouse was the same with soil-and peat-based inoculants. We suggest that certain mineral soils can be useful and readily available carriers for legume strains.
Peat is a widely used carrier for legume inoculants. In many areas of the world, however, peat is not readily available or is expensive, and other carriers for Rhizobium inoculants therefore have been sought for use in these regions. The alternative carriers include filter mud (19), lignite (14) , coal (7), a coal-bentonite mixture (10), cellulose (21) , bagasse (15), wheat straw (22) , a compost of coir dust and soil (13) , and charcoal, manure, compost, powdered coconut shells, ground teak leaves, and combinations of these sabstances (25) . However, most of these potential carriers have not been carefully studied and questions remain regarding their suitability. In addition, some of these substances are unavailable in cetain countries.
Mineral soil is a particularly ,.::!active carrier because it is available in all farming regions and it is cheap. A problem with its use is the presence in soil of p!ant pathogens and weed seeds, but these can b,-eliminated or reduced in numbers by heating. A second po.ential problem is the marked decline of many rhizobia in mineral soils undergoing drying (18) . However, soils were reported as being used as a base to grow legume inoculants as early as 1907 (23) as well as more recently (16) ; some strains of Rhizobium meliloti can survive in air-dried soil for 30 to 40 years, and strains of Phizobium trifolii and Rhizobium leguminosarum may survive for 10 to 14 years (12) . Although this prolonged survival may have resulted from the presence of only a few viable cells, recent studies show that more than 20% of the cells of several cowpea rhizobia added to nonsterile soil survive short periods of drying (17) .
In view of the need to find inoculant carriers to replace peat in some regions and because of the ability of some Rhizobium strains to tolerate the desiccation that is a common stress on rhizobia in inoculant preparations provided to the farmer (4), we conducted a study to evaluate the possibility of using mineral soil as an inoculant carrier.
MATERIALS AND METHODS
Organisms and culture conditions. Mutants of R. meliloti 102F34, Rhizobium phaseoli 6-3, Rhizobium japonicum * Corresponding author. t Present address: Department of Seed and Vegetable Sciences, New York Agricultural Experiment Station, Geneva, NY 14456.
inoculants containing desiccation-resistant Rhizobiuin 61A76, cowpea Rhizobium sp. strain CPXIII, and cowpea Rhizobium sp. strain IRc252 that were resistant to 1.0 mg of streptomycin sulfate per ml of medium were obtained by the method of Danso et al. (8) . The bacteria were grown at 30°C in 250-ml Erlenmeyer flasks containing 100 ml of yeast extract-mannitol broth (6). The cultures were incubated on a rotary shaker operating at 120 rpm for 6 days for R. ineliloti and R. phaseoli and 9 days for R.japonicum and the cowpea rhizobia. The cells were collected by centrifugation at 4°C and washed twice with sterile distilled water.
Soils. Based on a study of which soil properties have the least deleterious effects on the survival of rhizobia after drying (6), Lima silt loam (Glossoboric Hapludalf) collected from Aurora, N.Y., was used for inoculant preparation and studies of survival. The soil has a pH (1:1 in water) of 7.2 and is 16% clay, 3.0% organic matter; it has 36 kg of available P and 11 kg of available Al per ha. Eel silt loam (Aquic Udifluvent, pH 7.5) was used in the greenhouse experiment because it lacked indigenous Rhizobium spp. that could nodulate the test plant (Phaseolus angularis Wight).
Soil amended with 0.5% CaCO3 was sterilized by auto claving for 1 h on 3 consecutive days. Peat was sterilized by using 2.5 Mrads of irradiation from a 6 1Co source. The peat was derived from a commercial legume inoculant. Sterility was tested by plating soil or peat suspensions on yeast extract-mannitol agar and observing the plates for microbial growth after a 5-day incubation period at 30°C. Although two sterilization methods were used, both autoclaving and gam ma irradiation are effective in producing high-quality carriers for inoculants (24) .
Inoculant preparation. Portions (10 ml) of a 6-day-old culture of R. meliloti or R. phaseoli (ca. 108 cells per ml) or a 9-day-old culture of R. japonicum or cowpea Rhizobin sp. (ca. 108 cells per ml) were added to 100 g of either peat or sieved soil (60 mesh) contained in 500-ml Erlenmeyer flasks. For soil-based inoculants, 0.1% (wt/wt) sucrose was added as a nutrient supplement. The final moisture content of the inoculum preparation was adjusted to 15 and 35% for soil and peat, respectively, by adding sterile aistilled water. The flasks were covered with Parafilm (American Can Co., Greenwich, Conn.) and incubated at 30*C. The Parafilm was perforated with a needle to allow for aeration. After 6 days, flasks containing the peat-based inoculant were stored at 4°C. The soil-based inoculant was spread out on aluminum foil and allowed to dry in air for 6 days. The soil was then passed through a 60-mesh sieve and stored at 25°C. For every 50 g of seeds that were coated with the inoculant, 3 ml of a 40% (wt/vol) gum arabic solution was added. The seeds were first mixed thoroughly with the solution and then mixed for 20 s with 100 g of the inoculant preparation. The plants used were alfalfa "Medicagosativa L. var. Iroquois), kidney bean (Phaseolus vulgaris L. var. Red Kloud), soybean (G*ycrin max Merr. var. Evans), cowpea (Vigna sinensis var. Whippoorwill), and adzuki bean
Enumeration of microorganisms. Inoculant preparations and inoculant-coated seeds were stored at 4,25, and 35°C for various times. At each sampling date, 10 coated kidney bean seeds, 20 coated soybean or cowpea seeds, 1.0 g of coated alfalfa seeds, 10 g of soil-based inoculant, or 5.0 g of peatbased inoculant were suspended in 100 ml of a sterile 10% glucose solution for 30 min. The glucose solution was used to minimize possible osmotic shock during rehydration of the bacteria. Serial dilutions were made in a 0.85% NaCI solution. The number of surviving rhizobia was determined by the spread-plate method on yeast extract-mannitol agar supplemented with 1.0 mg of streptomycin sulfate and 250 I.g of cycloheximide per ml. Triplicate samples were enumerated at each date, and duplicate plates were prepared at each dilution.
Nodulation test. Kidney bean seeds that had been coated with soil-based inoculant were planted in sterile diSPO growth pouches (Scientific Product, Evanston, 111.). The pouches received 30 ml of Fahraeus nitrogen-free solution (11) at the time of planting and additional water as needed. When grown in Leonard jars filled with sand, the plants received sterile distilled water to keep the sand moist, and 30 ml of Fahraeus solution was added every other week. The plants were grown at 30'C with a 12-h day provided by eight 40-W Gro-Lux fluorescent lights. The number of nodules was counted after 3 weeks.
Retention of inoculants on seeds. Five replicates of 10 soybean seeds each were coated with soil-based inoculant or a commercial peat inoculant. The seeds were placed in 125-ml Erlenmeyer flasks and shaken vigorously for 5 t. The amount of inoculant adhering to the seed was measured by weighing the seeds before and after shaking. The pots were arranged randomly on a greenhouse bench. Five replicates were used per treatment. Seven adzuki bean seeds were planted per pot, and the seedlings were thinned to two per pot when the plants were 1 week old. The plants were harvested at the end of 6 weeks, and nodule numbers were counted. Dry weight was measured after drying the plants at 50°C for 5 days, and nitrogen content was then determined by the micro-Kjeldahl method (2).
RESULTS

Survival of rhizobia. Soil-based inoculants containing R.
ineliloti and R. phaseoli were prepared and then stored at 4, 25, and 35°C. The initial ce.1 densities were 1.8 x 108 and 1.0 x 108 cells per g of soil for R. mneliloti and R. phaseoli, respectively. Counts made at 27, 44, and 105 days show that survival of both organisms was best at 4°C and poorest at 35°C (Table 1) . Nevertheless, ca. 15% of the cells were still viable at 35°C on day 27.
Soil-based inocu!ants of R. meliloti and R. phaseoli were coated onto alfalfa and kidney bean seeds, respectively, and the seeds were stored at the same three temperatures. No major changes occurred in the numbers of R. meliloti and R. phaseoli on seeds stored at 4'C for 165 days (Table 2) soybean and cowpea seeds, respectively. The seeds then were stored at 4 and 25°C. For both orga,-isms in both carriers, the percent survival decreased as the storage tem perature increased (Table 3) . However, at 25°C, the percent survival of rhizobia in soil-based inoculant was 4-to 60-fold higher than the percent survival in peat-based inoculant, even when the former was stored for longer periods.
A study was conducted of the adherence of inoculants to seeds. For this purpose, five replicates each containing 10 soybean seeds and an average of 0.17 g of soil-based inoculant or 0.12 g of peat-based inoculant were used. Under these conditions, 66 ± 10% of the soil and 62 ± 25% (mean ± standard deviation) of the peat remained on the seed after shaking. Thus, no significant difference was observed in the amount of carrier retained.
Osa-Afiana and Alexander (17) reported that rapid drying of soil is particularly detrimental to rhizobia. Their drying method is very similar to the drying process used in the present studies for inocitlant preparation. Therefore, an experiment was set up to study the effect ofthe rate of drying on survival of rhizobia in soil. For fast drying, the inoculated soil was dried for 6 days at 25°C in a petri dish (100-mm diameter, 15 mm high). For slow drying, the procedure was the same as described previously (6). The results in Table , 1.1 x 107 and 8.1 x 10' per seed for Cowpea Rhizobium 910 0.05 ND 1.5 ND ND peat-and soil-based inoculants, respectively.
sp. strain b Initial cell numbers were 3.6 x 107 and 2.6 x 10' per seed for CPXIII peat-and soil-based inoculants, respectively.
Cowpea Rhizobiuum 4,300 8.5 5.8 ND ND ND sp. strain IRc252 "Rhizobium cells were suspended in water or in 5% (wt/vol) show that for all four test organisms, fast drying resulted in solutions of the sugars listed. counts that were 3 or 4 orders of magnitude lower than those b ND, Not determined. observed when the soil was subjected to slow drying.
Glucose and inositol have been shown to enhance the survival of microbial cells sprayed into the air, in which the For example, when peat-lime pelleted clover seeds were cells dry rapidly (26) . Hence, Rhizobium cells were suspendstored at 35°C for 27 days, the virtually complete elimination ed in water or in 5% (wt/vol) solutions of glucose, sucrose, of two strains ofR. trifolii was observed (20) . The survival of inositol, or maltose, and these cell suspensions were added rhizobia on seeds is also influenced by the method of to soil. The soils were then subjected to rapid drying. The applying the inoculant to the seeds (4). data in Table 5 show that suspending the cells in sugar
It is evident from the data of this study and the data of solutions had little effect on, improved, or reduced survival, other investigators that rhizobia survive better in mineral Plant tests. Kidney bean seeds coated with soil-based soil-based inoculant than in peat-based inoculant when ex inoculant were stored for 165 days at 25*C. Seven replicates posed to desiccation and storage at high temperature; similar of these seeds were planted in either plastic growth pouches results have been obtained by other investigators (4, 9, 20). or in sand. An average of 311 and 290 noduies were formed Furthermore, ca. 300 effective nodules per plant were ob per plant grown in pouches and sand, respectively, and the tained when kidney bean seeds that had been coated with inoculated plants looked healthier and greener than the soil-based inoculant and stored for 165 days at 25°C were uninoculated legumes. The nodules that were examined had planted, and the inoculated plants were greener and looked pink interiors, healthier than the uninoculated plants. It has been reported, Uninoculated and inoculated adzuki bean seeds were however, that 30% of the isolates from nodules of cowpeas planted in unfertilized soil, and uninoculated seeds were inoculated with rhizobia that had been subjected to tempera planted in soil fertilized with the equivalent of 50 kg of N (as ture and moisture stress were relatively ineffective (1). KNO 3 ) per ha. Seeds treated with the soil-based inoculant Both soil-and peat-based inoculants had a stimulatory received fewer rhizobia than seeds treated with the peateffect on plant growth. There were no differences in dry based inoculant, and that difference probably explains the weight and nitrogen content of plants that were inoculated fewer nodules on beans grown from the former seeds (Table  and those that received nitrogen fertilizer, although nodule 6). Nevertheless, both inoculants caused an increase (signifinumbers were different. The results of the greenhouse cant at the 95% probability level) in dry weight and nitrogen experiment also indicate a ca. 1,000-fold-lower percent sur content of the plants, and the yields and nitrogen contents of vival of rhizobia in the air-dried soil-based inoculant com the plants receiving the two types of inoculants and also pared with a previous study of survival in air-dried soil (6). nitrate were not significantly different.
However, this difference probably is related to the fast drying procedure used for preparation of the inoculants. DISCUSSION Because the survival of rhizobia is greater on seeds coated
Inoculating leguminous seeds is a convenient and practical with soil-based rather than peat-based inoculants and be way of introducing rhizobia into the zone of soil in which young seedlings will develop. Unfortunately, peat-based 
